Majumdar G, Rooney RJ, Johnson IM, Raghow R. Panhistone deacetylase inhibitors inhibit proinflammatory signaling pathways to ameliorate interleukin-18-induced cardiac hypertrophy.
Although the molecular bases of maladaptive cardiac response to the congenital or acquired stressors remain poorly defined, there are compelling data to suggest that the altered gene expression seen in hypertrophied heart is regulated by epigenetic remodeling of chromatin (2, 18, 19) . The architecture of chromatin is dynamically regulated by a number of posttranslational modifications of histones (43) . The role of acetylation and deacetylation in chromatin organization and its relationship to transcription have been extensively studied. Reversible lysine acetylation of histone and nonhistone proteins is carried out by histone acetyl transferases (HATs) and histone deacetylases (HDACs). Site-specific acetylation of lysine residues in proteins neutralizes their positive charges that consequently alter their function (74, 75) . The acetylation of histones leads to decondensation of chromatin and its transcriptional activation, whereas inactive chromatin is enriched in deacetylated histones (34, 37) . Consistent with this mechanism of chromatin-dependent regulation of gene expression, many transcriptional coactivators (e.g., GCN5, PCAF, CBP/p300) possess HAT activity, whereas HDACs are generally associated with transcriptional repression (34, 37) .
HDACs comprise an ancient superfamily of enzymes. The 18 unique mammalian HDACs are categorized into the "classical family" of 11 zinc-dependent hydrolases that are structurally related to the yeast Hda1/Rpd3 proteins and seven "nonclassical" sirtuins that use NAD ϩ as a cofactor for enzymatic activity. Based on their phylogeny, domain organization, and subcellular localization, the mammalian HDACs are divided into four classes (44, 75) . The members of class I, HDAC1, HDAC2, HDAC3, and HDAC8, contain a central deacetylase domain that is delimited by short NH 2 and COOH termini. Class I HDACs are mainly localized in the nucleus and display high enzymatic activity toward histones. The six members of class II are subgrouped into class IIa (HDAC4, HDAC5, HDAC7, and HDAC9) and class IIb (HDAC6 and HDAC10), possessing one or two catalytic sites, respectively (44, 75) . As a solitary member of class IV, HDAC11 is homologous to yeast Rpd3 and Hda1 proteins. The sirtuins comprise class III HDACs (62) and will not be discussed further.
A number of HDACs regulate cardiac gene expression during development and in response to prohypertrophy signals. The heart-specific ablation of HDAC-1 and HDAC-2 genes in mice leads to abnormal development of the heart (48, 66) . Similarly, the HDAC-5Ϫ/Ϫ and HDAC-9Ϫ/Ϫ mice are hypersusceptible to develop maladaptive cardiac hypertrophy and mice lacking both isoforms develop lethal myocardial defects (9) . On the other hand, ectopic expression of constitutively active HDAC-4, -5, and -9 suppressed cardiac hypertrophy in vivo and in vitro (2, 68) . The myocyte enhancer factor-2 (MEF-2), a transcription factor that dynamically binds to HDACs, plays a key role in cardiac hypertrophy (23, 24, 31) . Canonical stressors such as epinephrine or angiotensin II (ANG II) induce phosphorylation of class IIa HDACs and promote their exit from the nucleus. In the absence of nuclear IIa HDACs, MEF-2 recruits HATs to the transcriptional machinery, thus changing it from a transcriptional repressor into a transcriptional activator. Thus subcellular redistribution in response to external signals mechanistically links HDACs to maladaptive cardiac hypertrophy. Consistent with such a mechanism some pan-HDAC inhibitors have been shown to preserve cardiac function in the face of pathological stressors in rodents (21, 24, 33, 40) .
We have studied gene expression profiles in the hearts of BALB/c mice eliciting cardiac hypertrophy in response to IL-18, in the presence or absence of pan-HDAC inhibitors (pan-HDACIs). We report that both trichostatin A (TSA) and m-carboxycinnamic acid bis-hydroxamide (CBHA) attenuated IL-18-induced cardiac hypertrophy. Furthermore, we found that an exposure of hearts to IL-18 ϩ/Ϫ TSA or CBHA elicited unique signatures of differentially expressed genes (DEGs). Our in silico gene network analysis of the DEGs revealed that both pan-HDACIs opposed proinflammatory signaling pathways elicited by IL-18 to ameliorate cardiac hypertrophy by epigenetic mechanisms that involve chromatin remodeling.
MATERIALS AND METHODS
Materials. Recombinant IL-18 was purchased from Medical and Biological Laboratories (Woburn, MA). CBHA and TSA were obtained from Merck Research Laboratories and Sigma, respectively. Monospecific antibodies against unmodified histone H3 and histone H3 acetylated at lysine 9 and 18 (K9/18) or triple-methylated at lysine 9 (K9me3) were bought from Santa Cruz. Small interfering RNAs (siRNAs) targeted against phosphatase and tensin homolog (PTEN) were bought from Dharmacon (Lafayette, CO).
Treatments of mice. Six-to eight-week-old male BALB/c mice (Jackson Laboratories) were used for all experiments. IL-18 (1 g/ mouse/day), CBHA (200 mg/kg/day), TSA (0.5 mg/kg/day)m or combinations of IL-18 with one of the HDACIs were delivered by daily intraperitoneal (IP) injections. The control group of mice received injections of vehicle solution. Cohorts of control and treated animals (8 mice in each group) were anesthetized by intramuscular injections of a mixture of ketamine and xylazine. The hearts and other tissues were processed according to the need of a particular experiment. The delivery of anesthesia and death of mice were carried out according to the protocols approved by the Institutional Animal Care and Use Committee of University of Tennessee Health Science Center/Veterans Affairs Medical Center. All mice were killed on day 8 after initiation of the treatment, and their total body weights were recorded prior to dissection and removal of their organs. The hearts were removed, trimmed of major vessels, and then rinsed in Hanks' balanced salt solution. After being blotted dry, the tissues were weighed.
Cell culture. H9c2 cells were purchased from American Type Culture Collection (Bethesda, MD) and were grown in Dulbecco's minimum essential medium containing 10% fetal bovine serum (Hyclone, Logan, UT), 2 mM glutamine, and 1% penicillin-streptomycin. Cells were allowed to reach ϳ80% confluence in complete culture medium and incubated for additional 24 h in serum-free medium prior to experimental treatments, as outlined previously (40) . Replicate cultures of H9c2 cells were incubated in media supplemented with IL-18 (0.1 g/ml), CBHA (1 M), or TSA (100 nM).
Quantification of cardiac gene expression. RNA was extracted from control or treated mouse hearts using TRIzol RNA extraction reagent (Invitrogen Life Technologies). Three distinct layers were formed after addition of chloroform to the tissue extract in TRIzol reagent. Ethanol was added to the aqueous layer to precipitate RNA that was concentrated by centrifugation and dissolved in diethylpyrocarbonate-treated water. The bottom two layers were extracted further to obtain protein (see below). Aliquots of 800 ng of RNA representing control or treated samples were used to synthesize cDNA (SuperScript III, Invitrogen). The relative expression of mRNAs encoding PTEN, atrial natriuretic factor (ANF), skeletal ␣-actin, desmin, ␤-myosin heavy chain (MyHC), and ␣-MyHC from control and treated groups were determined by quantitative real-time PCR (qPCR) using LightCycler480 (Roche). Gene-specific PCR-primers and TaqMan probes were designed using Universal Probe Library (Roche). The expression of target mRNAs was determined by the Ct method. These data were normalized against 18S ribosomal RNA and were presented as fold changes in treated versus control. Nonspecific PCR amplifications were eliminated by assessing melting curve patterns, as detailed previously (40) .
Western blot analysis. Total cardiac proteins were extracted from the tissue samples used to extract RNA. Two lower layers of the TRIzol extracts were processed to extract protein according to the manufacturer's protocol (Invitrogen Life Technologies). For Western blot analysis, equal amounts of protein from each sample were separated using 10% SDS-PAGE. After electrophoresis, the protein samples were transferred to an Immobilon-P transfer membrane (Millipore, Bedford, MA) using a Trans-Blot electrophoresis transfer cell (Bio-Rad Laboratories, Hercules, CA). The detection and quantification of proteins were done by Western blot using either monoclonal antibodies against PTEN or an anti-phospho-Akt antibody raised in rabbits (Cell Signaling, Beverly, MA). The blots were sequentially reacted with primary antibodies (used after 1:1,000 dilution) followed by horseradish peroxidase-conjugated anti-rabbit IgG antibodies (diluted 1:10,000; Santa Cruz Biotechnology, Santa Cruz, CA). Chemi-luminescence signals developed using ECL Plus kit (Amersham-Pharmacia Biotech, Piscataway, NJ) were quantified as detailed previously (39, 40) . The blots probed with PTEN antibodies were stripped and reprobed with an anti-actin antibody (1:10,000) to determine equivalency of protein loading; the blots developed with anti-phospho-Akt were stripped and reprobed with anti-Akt antibody (1:10,000, Cell Signaling) to determine total Akt. The data from three or four replicate experiments were quantified by densitometry, normalized against actin or total Akt, and subjected to statistical analysis. For analysis of histones, equal amounts of protein from each tissue extract were separated by 15% SDS-PAGE. After electrophoresis, the protein samples were transferred to an Immobilon-P transfer membrane and the proteins on the Western blots were detected by using either mono-specific antibodies (1:3,000) recognizing acetylated (K9/ 18) or methylated (K9/18) or phosphorylated (S10) histone H3. The blots were reprobed with antibodies against unmodified histone H3 (1:5,000) to determine total histone. The Western blots were subject to densitometry to quantify total and covalently modified histone H3.
Knock-down of PTEN expression with siRNA. H9c2 cells were seeded in six-well plates in complete culture medium. Cells were serum starved overnight following which cells were incubated with 2 mM of either scrambled siRNA or PTEN targeted siRNA in antibiotic-free complete culture media. Transfection of siRNA was carried out using Dharmafect reagent according to the manufacturer's protocol (Dharmacon, Lafayette, CO), as outlined previously (13, 76) . After 12 h, the transfected cells were treated with IL-18 and/or CBHA for additional 48 h. Then total RNA and proteins were extracted as described above and processed for RT-PCR and Western blot analyses, respectively.
Gene expression profiling. RNA was extracted from mouse hearts by the TRIzol method followed by cleaning up of RNA samples with an RNeasy clean up kit (Qiagen, Valencia, CA). The total yield and quality of RNAs were established by measuring absorbance at 260 nm/280 nm in a spectrophotometer and size-fractionation by electrophoresis in 1% agarose gels, respectively. We used 200 ng aliquots of total RNA per sample for cDNA synthesis using oligo(dT) primer bearing a T7 promoter using ArrayScript. We used Illumina TotalPrep RNA Amplification Kit (Applied Biosystems/Ambion, Austin, TX) for both cDNA and cRNA synthesis. Labeled cRNAs were amplified using MEGAscript in vitro transcription protocol. Aliquots of cRNA from murine hearts were hybridized to Illumina MouseWG-6 v2.0 Expression BeadChip Kits each containing 45,200 murine transcripts from the National Center for Biotechnology Information database (http://www.ncbi.nlm.nih.gov/RefSeq/; build 36, release 22). Microarray chips were hybridized with cRNA at 58°C for 18 h. After being washed and stained, chips were scanned on the Illumina 500GX BeadArray Reader using Illumina BeadScan image data acquisition software (version 3.4.0). The data acquisition, processing, and normalization of the microarray data were done with Illumina BeadStudio GX Module software (version 3.4.0) to generate an output file for statistical analysis. To assess quality metrics of each run, several quality control procedures were implemented. The BeadStudio software generated quality control summary report assessing the performance of the built-in controls in BeadChips across a particular day's runs. Thus analysis allowed us to determine variations in signal intensity, hybridization signal, background signal, and the background-to-noise ratio for all samples analyzed in a given run.
Statistical analyses of differential gene expression. Statistical, mulitvariate, and clustering analyses were performed in GeneMaths XT (Applied Maths, St-Martens-Latem, Belgium). The identification of differentially expressed genes, derived from probe sets, was based on 1) Illumina detection values Ն0.99 for all samples in at least one experimental or control group, 2) ANOVA P value Յ 0.01, and 3), absolute fold change Ն2.0 and independent t-test P value Յ0.01 for any experimental group versus its respective control group. Principal component analysis (PCA) was performed using signal values for probe sets with detection values Ն0.99 for all samples in at least one experimental or control group; signal values were log2 transformed and standardized by row mean centering prior to PCA. Unsupervised hierarchical clustering of differentially expressed genes was performed by the UPGMA (Unweighted Pair Group Method using Arithmetic averages) method that utilizes Euclidean distance as the similarity metric. Sample clustering was achieved by using complete linkage method with Pearson correlation as the similarity metric. Venn diagrams were generated by Boolean intersection of gene IDs for differentially expressed genes from the indicated pair-wise comparisons.
Bioinformatics analyses. Gene annotation and Gene Ontology (GO) information were obtained from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov) and the GO Consortium (http://amigo.geneontology.org). Analyses of GO enrichment and KEGG (Kyoto Encyclopedia of Genes and Genomes; http://www.genome.jp/kegg) biochemical pathways were performed using WebGestalt (http://bioinfo.vanderbilt.edu/webgestalt). Additional pathway analysis was performed using the NCI-Nature Protein Interaction Database (http://pid.nci.nih.gov/). Hypergeometric test P values were used to estimate the significance of enrichment of specific GO categories or pathways.
Ingenuity Pathways Analysis. The canonical network models of differentially expressed genes were developed using the Ingenuity Pathway Analysis (IPA, http://www.ingenuity.com; Ingenuity Systems, Mountain View, CA). An initial gene set of DEGs was first overlaid onto the set of all catalogued interactions and focus genes contained in the IPA library of canonical pathways. The target genes (focus genes) were identified from overrepresented genes in canonical pathways formed by direct interactions with other genes in the initial set. The specificity of a gene's interaction was calculated as the percentage of its interactions with other significant genes in the initial gene set. Genes with highest statistical specificity of connections were used to expand the biological networks of interconnected genes. The Illumina gene lists were uploaded as a text file, and each gene Fig. 2 . Cardiac hypertrophy-specific gene expression in response to IL-18 Ϯ CBHA. Total RNA from the hearts of mice receiving vehicle or IL-18 Ϯ CBHA for 7 days were extracted with TRIzol reagent and analyzed by qPCR. IL-18 triggered enhanced cardiac accumulation of mRNAs encoding atrial natriuretic factor (ANF), skeletal ␣-actin, desmin, and ␤-myosin heavy chain (MyHC). CBHA treatment attenuated the expression of all these transcripts. The mRNAs were quantified in individual mice heart in each treatment group (4 mice/group). The data were normalized against 18S ribosomal RNA and were expressed as fold change over the control (CON). Values are means Ϯ SE; *P Ͻ 0.01 vs. control, **P Ͻ 0.05 vs. control.
identifier was mapped to its corresponding gene object. To start building networks, the application queries the Ingenuity Pathways Knowledge Base for interactions between Focus Genes and all other gene objects stored in the knowledge base and generates a set of networks each with no more than 35 genes/proteins. IPA then computes a score for each network according to the fit of the user's set of significant genes. The score is derived from a P value and indicates the likelihood that the Focus Genes in a network are present due to random chance. The networks graphically denote nodes and edges, or lines (the biological relationships between the nodes). The node symbols used by IPA represent the gene and/or its encoded protein. Assignment of nodes in gene network is made from findings that have been extracted from the scientific literature and stored in the Ingenuity Pathways Knowledge Base. The IPA program assigns a direct connection between two molecules if they are known to physically interact with each other. In contrast, an indirect connection between two molecules is not predicated on physical interaction. The criteria for both direct and indirect connections are derived from published Fig. 3 . Posttranslational modifications of histones in the cardiac chromatin of mice treated with IL-18 Ϯ TSA or CBHA. Mice were injected with IL-18 with or without CBHA or TSA. We separated 3 g aliquots of protein extracts from individual mouse heart by 15% SDS-PAGE. Western blots were sequentially probed with mono-specific antibodies against histone H3-K9ac, H3-K9me3, or H3-S10-PO4, or unmodified histone H3. A: acetylation of histone H3 (H3-K9) in mice treated with IL-18 Ϯ CBHA or TSA. A ratio of acetylated H3-K9 to total histone H3 in cardiac chromatin of mice representing different treatment cohorts was calculated by densitometry. Each point represents data from an individual mouse heart. Values are shown as means (horizontal bar) Ϯ SD. P values of TSA, CBHA, TSA ϩ IL-18, CBHA ϩ IL-18 vs. CON are P Ͻ 0.05. B: methylation (H3-K9me3) and phosphorylation (H3-S10-PO4) of histone H3 in mice treated with IL-18 Ϯ CBHA. Representative Western blots of total, H3-K9me3, and H3-S10-PO4, and quantification by densitometry of 3 independent immunoblots are shown. A ratio of methylated H3-K9me3 (top) or phosphorylated H3-S10-PO4 (bottom) to total histone H3 was calculated. Values are Ϯ SE; *P Ͻ 0.05 vs. CON. C: methylation (H3-K9m3) and phosphorylation (H3-S10-PO4) of histone H3 in mice treated with IL-18 Ϯ TSA. Representative Western blots of total, H3-K9me3, and H3-S10-PO4 and quantification by densitometry of 3 independent immunoblots are shown. A ratio of methylated H3-K9m3 (top) or phosphorylated H3-S10-PO4 (bottom) to total histone H3 was calculated. Values are Ϯ SE; *P Ͻ 0.05 vs. control.
literature, as culled in the Ingenuity Pathways Knowledge Base (http://www.ingenuity.com, Ingenuity Systems). The IPA ranks biological pathways in each network according to their statistical significance (i.e., the number of focus genes represented in the canonical networks). A Fisher's exact test was used to calculate a P value predicting the probability that the biological function assigned to that network is explained by chance alone.
RESULTS

IL-18 induces cardiac hypertrophy in mice that is amelio-
rated by TSA and CBHA. Woldbaek et al. (73) have reported earlier that BALB/c mice receiving daily IP injections of IL-18 for 7 days developed larger hearts with blunted left ventricle adrenergic response to isoproterenol; IL-18-treated mice also elicited enhanced cardiac expression of phospholamban and ANF. To extend these observations and assess the effect of pan-HDACIs in IL-18-induced cardiac hypertrophy, we gave daily IP injections of vehicle, IL-18, CBHA ,or TSA or combinations of IL-18 with either TSA or CBHA to four cohorts of male BALB/c mice for 7 days. At the end of two independent experiments, we measured the heart and body weights of individual mice in all treatment cohorts. As shown in Fig. 1A , IL-18-treated mice developed larger hearts as indicated by increased heart weight-to-body weight ratios that were significantly normalized by coadministration of either CBHA or TSA. In contrast, the hearts of mice exposed to either CBHA or TSA alone were similar to those of vehicle-treated mice (Fig. 1A) . The anatomical and histological changes seen in the hearts of IL-18-treated mice were also consistent with the development of cardiac hypertrophy and fibrosis (Fig. 1B) . The mean ventricular wall thicknesses in IL-18-treated and vehicle-treated mice were 1.6 and 1.1 mm, respectively. Masson's trichrome staining of sections of IL-18-treated hearts revealed that the hypertrophied hearts had larger myocytes interspersed with patches of fibrosis (Supporting Fig. S1 ). 1 Finally, as shown in Fig. 1C , cardiac myocytes of IL-18-treated mice were ϳ32% larger, and cotreatment of mice with either TSA or CBHA led to a normalization of their myocytes.
A molecular hallmark of cardiac hypertrophy is the reinduction of fetal gene expression that typically involves enhanced cardiac expression of A-and B-type atrial natriuretic factors (ANF and BNF, respectively), and ␣-skeletal actin and ␤-MyHC proteins, among others (5, 19) . The qPCR data shown in Fig. 2 , revealed that IL-18 treatment led to a five-to sevenfold accumulation of mRNAs encoding ANF, skeletal ␣-actin, ␤-MyHC, and desmin in the heart with a concomitant decline in the expression of ␣-MyHC mRNA. This canonical cardiac hypertrophy-specific pattern of gene expression induced by IL-18 was reversed by CBHA (Fig. 2) . The opposite actions of IL-18 and CBHA on the expression of ␣-and ␤-MyHC and ANF genes were specific since the levels of ␤-actin or 18S RNA were not significantly changed. A similar action of TSA in switching the expression of ␣-and ␤-MyHC and ANF genes has been previously observed in two different models of cardiac hypertrophy. Thus Davis and colleagues (12) 1 The online version of this article contains supplemental material. showed that in hypothyroid rats eliciting cardiac hypertrophy, TSA upregulated the expression of ␣-MyHC while concurrently repressing the ␣-and ␤-tubulins; TSA-induced improved cardiac contractility was similarly observed in cardiac myocyte, eliciting hypertrophy in response to ANG II. In a related study, phenylephrine-induced hypertrophy in primary rat cardiac myocytes and H9c2 cells was completely reversed by two distinct HDACIs, TSA and SK7041; even more significantly, treatment of cells with either TSA or SK7041 significantly repressed the expression of ANF and ␤-MyHC genes, canonical manifestations of cardiac hypertrophy in vivo and in vitro (30) .
We have reported previously that IL-18-treated H9c2 cardiac myocytes became highly enlarged while they concomitantly elicited induction of a number of cardiac hypertrophyspecific genes, and both physical and molecular manifestations of IL-18-induced hypertrophy were greatly attenuated by CBHA (40) . Based on our published data in H9c2 cells, combined with the current observations in BALB/c mice, we posit that IL-18 treatment induces cardiac hypertrophy-specific gene expression in vivo and in vitro that was attenuated by two distinct pan-HDACIs, CBHA and TSA.
Cardiac chromatin of mice exposed to IL-18 and/or HDACIs undergoes remodeling. The regulation of gene expression underlying normal and abnormal development of heart is intimately associated with dynamic changes in chromatin architecture. Given an essential role of histones and chromatin remodeling in the heart, we posited that chromatin of cardiac genes was uniquely remodeled in response to pro-and antihypertrophy signals evoked by IL-18 and HDACIs, respectively. To experimentally test this hypothesis, we extracted chromatin from the hearts of vehicle-and/or IL-18/ HDACI-treated mice and analyzed a number of posttranslational modifications of histones by Western blotting. As shown in Fig. 3A , in vivo administration of CBHA or TSA induced hyperacetylation of histone H3 at lysine 9 (H3/K9ac) regardless of whether IL-18 was administered or not. In contrast, triple methylation of histone H3 at lysine 9 (H3/K9me3) was enhanced in IL-18-treated hearts, and coadministration of either CBHA or TSA almost completely blocked H3/K9me3 methylation induced by IL-18 (Fig. 3, B and C) . We also carried out a limited analysis of changes in phosphorylation of histone H3 at serine 10 (H3/S10-PO 4 ) in cardiac chromatin of sentinel mice treated with IL-18 and/or HDACIs. As shown in representative Western blots, IL-18 increased the S10 phosphorylation of histone H3 in the bulk chromatin; either CBHA (Fig. 3B) or TSA (Fig.  3C ) significantly reversed this effect. Treatment with HDACIs alone led to insignificant changes in the (H3/K9me3) methylation or (H3/S10-PO 4 ) phosphorylation. Based on these observations in intact hearts of BALB/c mice we surmise that the chromatin of cardiac genes is dynamically remodeled by proand antihypertrophy signals, in vivo and in vitro. This conclusion is consistent with our chromatin immunoprecipitation (ChIP) data showing that chromatin of a number of cardiac hypertrophy-specific genes (ANF and ␣-and ␤-MyHC) in H9c2 cells exposed to IL-18 and/or CBHA was reversibly altered; thus, exposure of H9c2 cells to CBHA led to enhanced acetylation histone H3 (H3/K9) with a concomitant reduction in H3/K9 methylation (40) . The precise alterations in the "histone code" of hypertrophy-associated genes in IL-18-and HDACI-treated cells remain to be defined.
Microarray analysis of cardiac gene expression in response to IL-18 and/or HDACIs. To gain additional insight into the underlying molecular mechanisms by which IL-18 and the pan-HDACIs induced pro-and anticardiac hypertrophy-specific gene expression, respectively, we compared the gene expression profiles in the hearts of control and treated mice. Messenger RNAs from the hearts of eight vehicle-treated mice (control) and from mice receiving IL-18, TSA, or from mice cotreated with IL-18 ϩ TSA (8 in each group) were individually extracted and processed for microarray hybridization. Complementary RNAs from individual mice were hybridized to Illumina MouseWG-6 v2.0 Expression BeadChips, each containing 45,200 transcripts. The hybridization data were filtered using the statistical criteria of absolute Ն1.5 log2 fold change and P value of 0.05 to identify subsets of cardiac genes that were differentially regulated in response to different treatment regimens. We also subjected the microarray data obtained from IL-18 Ϯ CBHA and IL-18 Ϯ TSA mice to PCA. The PCA of IL-18 Ϯ TSA experiment, shown in the Supporting Fig. S2 , demonstrates that four treatment cohorts occupied unique positions on the PCA graph; vehicle-treated mice and 
A total of 184 differentially expressed genes (DEGs) in clusters A, B, and C (Fig. 4 ) in response to IL-18 or trichostatin (TSA) were analyzed by Ingenuity Pathway Analysis (IPA) as described in MATERIALS AND METHODS. Similarly, 147 DEGs (Fig. 4 ) in response to m-carboxycinnamic acid bis-hydroxamide (CBHA) were also subjected to IPA. The gene pathways are arranged in descending order according to the number of focus genes connected to the main node. (Fig. 4) formed central nodes of TNF-␣ and NF-B that are connected to insulin, PI3K-AKT, and p38MAPK pathways. D: the TSA-responsive cardiac genes contained in clusters A and B formed strong TNF-␣-and TP53-specific nodes that were either upregulated (pink and red) or downregulated (green). E: the IFN␥, TNF-␣, and TP53-specific gene networks formed by CBHA-responsive cardiac genes in cluster A.
those receiving IP injections of TSA were in close proximity of each other in the PCA. Treatment of the transcriptomic data from the IL-18 Ϯ CBHA cohorts to PCA corroborated what we observed in the IL-18 Ϯ TSA experiment (data not shown).
The analysis of the filtered microarray data sets from individual mice belonging to control and treatment groups (IL-18, TSA and IL-18 ϩ TSA) revealed that although the expression of a vast majority of cardiac genes remained unchanged regardless of the treatment regimen, a subset of 184 genes elicited differential expression in response to IL-18 and/or TSA treatment. Based on their expression characteristics, the DEGs were hierarchically organized into three clusters A, B, and C (Fig. 4) . The genes in cluster A were not significantly affected by IL-18 or TSA. Conversely, IL-18 and TSA regulated the genes in clusters B in an opposite manner; IL-18 generally enhanced the expression of genes in cluster B, while TSA significantly suppressed their expression. Finally, a majority of genes in cluster C were upregulated by IL-18, and the presence of TSA did not significantly alter their expression (Fig. 4) .
Treatment of mice with IL-18 Ϯ CBHA led to the identification of 147 DEGs that also represented three distinct clusters A, B, and C (Fig. 4) . The genes in clusters A and B were significantly upregulated by IL-18 and downregulated by mice receiving either CBHA or CBHA ϩ IL-18, although the impact of these treatments on genes in cluster B was lower. A majority of the genes in cluster C was downregulated by IL-18. The pattern of expression of genes in cluster C following CBHA treatment, regardless of the presence or absence of IL-18, resembled the pattern seen in saline-treated control hearts (Fig. 4) .
To delineate the putative intracellular networks formed by DEGs, initially we parsed 184 genes in clusters A, B, and C into IL-18-responsive and TSA-responsive subsets and independently analyzed both of these subsets by IPA; the CBHAresponsive genes were similarly analyzed. The IPA of DEGs produced a hierarchical list of focus genes that could be assembled into nodes and edges of canonical gene pathways ( Table 1 ). The two most prominent nodes formed by IL-18-responsive genes were TNF-␣ (47 connections and 32 focus molecules) and IFN␥ (47 network connections with 31 focus molecules). We also noted that DEGs in response to TSA and CBHA elicited a number of common gene networks (e.g., TNF-␣-and IFN␥-specific gene networks), although the list of pathways elicited by the two HDACIs is not identical (Table  1) . Additional notable networks formed by IL-18-responsive genes (Table 1) , in descending order, were NF-B (38 network connections including 23 focus molecules), phosphatidylinositol 3-kinase (PI3K)-Akt/PKB (43 network connections including 20 focus molecules), IL-6 (40 network connections including 20 focus molecules), STAT1 (34 network connections including 19 focus molecule), hepatocyte nuclear factor (HNF)-4A (24 network connections including 18 focus molecules), and ERK-p38-MAPK. Both TSA-and CBHA-responsive focus genes also formed a number of lesser nodes that included IL-6, NF-B, STAT1, HNF-4A, and ERK-p38-MAPK (Table 1) .
A careful analysis of differentially expressed cardiac genes in response to IL-18 Ϯ TSA revealed that IL-18 induced vast majority of genes connected to the TNF-␣-, IFN␥-, NF-B, and transforming growth factor (TGF)-␤-specific gene networks were invariably inhibited by IL-18 Ϯ TSA or CBHA (data not shown). We should note that IL-18 specifically enhanced the expression of a number of chemokines including CCL5, CXCL9, CXCL13, and CXCL16 (Fig. 5A) ; conversely, most of the chemokines were downregulated in the hearts of TSA-treated mice (Fig. 5B) . Finally, the IPA underscored a key role of PI3K-AKT/PKB-centric signaling mechanisms in the action of IL-18 ( Fig. 5A) and TSA (Fig. 5B) .
Since the patterns of cardiac expression of genes in clusters A, B, and C were cluster specific we also independently analyzed each cluster by IPA. Cluster A contains only five genes that were downregulated both by IL-18 and TSA. We found that cluster B included 33 genes that were upregulated by IL-18 and formed TNF-␣-and NF-B-specific networks ( Fig. 5C and Table 2 ). The IL-18 treatment led to enhanced expression of genes in cluster B (Fig. 5C ) that was dominated by molecules involved in intermediary metabolism (e.g., adiponectin, UCP1/2, SCD, PER2, and ADIG) and cell cycle (e.g., PER, anti-clock, CDKN1A, and CIDEC). In contrast, TSA treatment led to suppression of most of the genes in cluster B; these genes formed TNF-␣-and p53-specific gene networks, connected to pathways involved in intermediary metabolism and cell cycle regulation (Fig. 5D and Table 2 ). The 146 genes in cluster C that were strongly induced by IL-18 but unaffected in the vehicle-or in IL-18 ϩ TSA-treated hearts formed gene networks typical of cytokines (IL-1, IL-2, IL-4, IL-6, IL-10, IL-12, IFN␥, and TNF-␣), chemokines (CCL and CXCL), and regulators of immune and inflammatory responses (data not shown). A total of 38 genes that elicited differential expression in response to IL-18 or TSA and 58 DEGs specific for CBHA were subjected to IPA as detailed in MATERIALS AND METHODS. Gene pathways with total number of connections (direct and indirect) and focus molecules are arranged in a descending order.
The 58 genes in cluster A that were strongly upregulated by IL-18 but downregulated in the presence of CBHA and IL-18 ϩ CBHA-treated hearts (Fig. 4) were subjected to an IPA program that assembled these genes into five networks. These networks, in descending order, were TNF-␣, IFN␥, Ca 2ϩ -calmodulin, PI3K/Akt, and MAPK (Table 2) . Interestingly, CBHA (regardless of the presence or absence of IL-18) typically downregulated cluster A, which consisted of genes involved in regulating immune response in NK and T cells, as exemplified by hematopoietic cell signal transducer (HCST) and C-type lectins 6A and 10A (CLEC6A and CLEC10A), and CCL2 and CCL8 chemokines. The cytoplasmic domain of HCST recruits p85 subunit of PI3K involved in signaling via the receptor complex (HCST-CLEC6A and CLEC10A). The CBHA-responsive subset of genes, many of which depend on PI3K-AKT-PTEN signaling pathways, formed IFN␥-, TNF-␣-, and p53-specific gene networks ( Table 2, Fig. 5E ). Thus, the IPA data elucidate that although IL-18 treatment of mice, in the presence of CBHA or TSA, induced unique gene expression profiles, underlying these were a number of common signaling nodes.
The KEGG is a collection of a several databases that incorporate curated genomic information and meld it with known intracellular metabolic pathways and small molecules of biological import. The KEGG analysis converts these molecular interactions and gene networks into biologically functional pathways. Therefore, we subjected IL-18 and TSAinduced DEGs to KEGG analysis ( Table 3 ). The KEGG analyses corroborated the IPA by demonstrating that exposure of heart to IL-18 and HDACIs oppositely affected a number of prominent biological pathways. Evidently, the pro-(IL-18) and anti-(HDACIs) cardiac hypertrophy stimuli affected pathways involved in antigen processing and presentation, nutrient and energy homeostasis, and regulators of cell adhesion, proliferation, and apoptosis (Table 3) .
IPA of DEGs revealed that PI3K-and MAPK-specific signaling networks, highly connected to TNF-␣-, IFN␥-, and NF-B-specific pathways, were affected by TSA and CBHA. These signaling pathways strongly impinged on the gene networks implicated in the regulation of intermediary metabolism and cellular energetics [peroxisome proliferator-activated receptor (PPAR) and adipokine signaling]. These data are consistent with the notion that IL-18-induced cardiac hypertrophy and its mitigation by pan-HDACIs in vitro and in vivo are mechanistically related to Ca 2ϩ -calmodulin-PI3K-MAPK-NF-B signaling pathways. Total RNA and proteins were extracted from the CON and treated mice using TRIzol reagent. We separated 10 g of protein extracts from mouse heart by SDS-PAGE. Proteins transferred to the membrane were detected by anti-PTEN antibody. Blots were washed and reprobed with anti-actin antibody. Representative Western blots of PTEN in response to either IL-18 Ϯ CBHA or TSA (top). The Western blot representing TSA experiment was assembled from duplicate experiments. The space between lanes representing CON and IL-18 (left 2 lanes) and right 2 lanes (TSA and IL-18 ϩ TSA) indicates that these lanes were spliced from different locations in the Western blot. The mRNAs encoding PTEN from control and TSA or CBHA-treated groups were quantified by qPCR. The results of qPCR from 3 independent experiments, performed in triplicate each time, are shown (bottom). Values are means Ϯ SE; *P Ͻ 0.05 vs. control. B: knock-down of PTEN gene expression with siRNA. H9c2 cells were transfected with 2 mM of either scrambled siRNA or PTEN siRNA. After 12 h, the transfected cells were treated with IL-18 Ϯ TSA or CBHA for additional 48 h. Protein extracts from H9c2 cells were separated by SDS-PAGE, transferred to the membrane, and sequentially probed with anti-PTEN and anti phospho-Akt (pAKT) antibodies. Finally, blots were also probed with anti-total Akt and anti-actin antibodies. The CBHA experiment (lanes 1-6) and the TSA experiment (lanes 7-9) were carried out at 2 different times. Spacing between lane 7 (TSA) and lanes 8 and 9 (CON ϩ siRNA PTEN and TSA ϩ siRNA PTEN, respectively) indicates splicing of different lanes. Representative Western blots of PTEN and pAkt (top) and quantification by densitometry of 3 independent immunoblots are shown (bottom). Values are Ϯ SE; *P Ͻ 0.05 vs. control; ϩ P Ͻ 0.05 vs. control; 
Validation of a key role of PI3K-AKT-NF-B signaling in cardiac hypertrophy in vivo and in vitro.
The network analyses of DEGs in the heart strongly corroborated a role of PI3K signaling pathways in the actions of HDACIs. Based on the network analysis and earlier studies showing that IL-18-induced hypertrophy in cardiac myocytes was attenuated by CBHA via its ability to induce PTEN and block PI3K, we hypothesized that HDACIs might reverse IL-18-induced cardiac hypertrophy in vivo by a similar mechanism. To test this hypothesis, we studied expression of PTEN in the hearts of mice on different treatment regimens both at protein and mRNA levels. As shown in Fig. 6A, IL-18 had an insignificant effect on the expression of PTEN protein; however, both CBHA and TSA induced a two-to fourfold higher expression of PTEN regardless of the presence or absence of IL-18. The qPCR corroborated the Western blot data by revealing a fourto fivefold induction of PTEN mRNA in response to CBHA Ϯ IL-8 or TSA Ϯ IL-8 (Fig. 6A) .
H9c2 cardiac myocytes respond to a number of prohypertrophy signals by increasing their size and concomitantly eliciting a canonical program of cardiac hypertrophy-specific gene expression (30, 40) . Since CBHA is known to induce a robust expression of PTEN mRNA in H9c2 cells (40), we explored regulation of PTEN expression by HDACIs and how that might affect the PI3-AKT signaling in IL-18-treated H9c2 cells. As shown in Fig. 6B , IL-18 induced pAKT in H9c2 cells. Consistent with earlier observations (40) , enhanced expression of PTEN in H9c2 cells was elicited by both CBHA and TSA. Additionally, as predicted, a knock-down of PTEN expression by siRNA, regardless of whether cells were treated with IL-18 Ϯ HDACIs, led to enhanced expression of pAKT, the downstream negative target of PTEN. The overall expression of AKT was not significantly affected under these conditions. A hallmark of cardiac hypertrophy is enhanced expression of ANF and ␤-MyHC that occurs concomitantly with a reduced expression of ␣-MyHC gene. Consistent with published observations, IL-18 led to an accelerated expression of ANF and ␤-MyHC genes. Furthermore, we observed that a knock-down of PTEN by siRNA in H9c2 cells led to increased steady-state levels of ANF mRNA and a twofold induction of ␤-MyHC regardless of whether these cells were incubated with either IL-18 or CBHA (Fig. 6B ). Although these tantalizing data suggest a potential mechanistic link between PTEN expression and cardiac hypertrophy-specific abnormal expression of ANF and ␤-MyHC genes, additional experiments are needed to establish this relationship.
DISCUSSION
We examined gene expression profiles in the hearts of BALB/c mice with a goal to shed mechanistic light into IL-18-induced cardiac hypertrophy and its attenuation by HDACIs. In silico examination of the transcriptome data by IPA and KEGG programs revealed that IL-18 in the presence and/or absence of either TSA or CBHA elicited unique gene expression signature in vivo. The genome-wide changes in physiological and pathological hypertrophy have been studied in a number of animal models (16, 20, 26, 28, 69) and in humans (29) . These studies have revealed that an altered immune system, accompanied by changes in cardiac energetics, fat metabolism, oxidative phosphorylation, and cytoskeletal and extracellular matrix, plays a key role in pathological cardiac remodeling (20, 26, 28, 69) . Perturbations in the PI3K/AKT and ERK and MAPK cascades have emerged as a dominant theme in the mechanisms of maladaptive cardiac hypertrophy (20, 26, 28, 69) . Our network analyses revealed that IL-18 elicited aberrant regulation of gene networks that control immunity and inflammation, cardiac metabolism and energetics, and cell proliferation and apoptosis. Furthermore, in addition to corroborating earlier observations, we demonstrate here that HDACIs counter the pathological gene expression pathways via epigenetic remodeling of cardiac chromatin. Whether the observed actions of HDACIs have analogous effects in other models of cardiac hypertrophy and in humans remains to be established.
It is believed that proinflammatory actions of IL-18 are mediated via induction of IFN␥ and TNF-␣ and chemokines that affect NF-B signaling (15, 67, 70) . Interestingly, IFN␥-and TNF-␣-specific gene networks were a recurring theme not only in the intact heart exposed to IL-18 but also in CBHA-or TSA-treated hearts. However, the upregulation of proinflammatory-specific gene networks was potently opposed by HDACIs in vivo. Thus, CXCL16 and CXCL13 chemokines was upregulated by IL-18 and suppressed by TSA. IL-18 has been shown to induce CXCL16 transcription in rat aortic smooth muscle cells via PI3K-Akt-JNK-Ap-1 pathways (8) . The involvement of IL-1-, IL-6-, IL-12-, IL-13-, IFN␥-, TGF-␤-, and TNF-␣-specific gene networks in the hearts exposed to IL-18 was anticipated in light of the known direct and indirect actions of IL-18 on antigen processing and presentation and on metabolic homeostasis (15, 67, 70) .
Based on our network analyses we posit that the pathways controlling synthesis and turnover of phosphatidylinositol bis and tris phosphates (IP 2 and IP 3 ) and their signaling receptors are integral to the mechanisms of IL-18-induced cardiac hypertrophy and its attenuation by HDACIs. The phosphainositide lipid second messengers are involved in intracellular coupling of cardiac myocytes (25) . In addition to the involvement of PI3K, a number of prominent kinase (CaM kinase, mTOR, and MAPK)-and phosphatase (calcineurin, MKP)-specific networks were seen in our study; these are known to integrate cellular responses to many stimuli, including IFN␥ and TNF-␣ and chemokines (3, 4, 6, 32, 38, 57, 61) . For instance, p38 MAPK regulates not only many aspects of immunity and inflammation, but also the mechanisms that control ANF gene expression, actin reorganization, and growth of cardiac myocytes (26, 57, 58) .
With regard to PI3K, it is significant to note that both CBHA and TSA concomitantly induced hyperacetylation of chromatin and PTEN transcription in the heart similarly to what we have previously reported for H9c2 cardiac myocytes (40) . We should note, however, that although siRNA knock-down of PTEN led to enhanced expression of pAKT, a direct connection between PI3K-AKT-PTEN pathway and an aberrant expression of ANF and ␤-MyHC in maladaptive cardiac hypertrophy remains to be experimentally established. Despite the foregoing caveat, our network analyses have corroborated and extended earlier observations (4, 6, (53) (54) (55) suggesting that PI3K-PTEN-specific gene pathways engage in cross-talk and feedback regulation by MAPK signaling. Based on the widely recognized role of epigenetic regulatory mechanisms in immunity and inflammation (17), we speculate that HDACIs coun-
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Both IPA and KEGG pathway analyses revealed that IL-18 had a striking effect on adipokine and PPAR-specific gene networks known to regulate the metabolism of lipids, carbohydrates, amino acids, purines, and pyrimidines, as well as the metabolism of glutathione and xenobiotics. The altered state of metabolic homeostasis in the hearts of IL-18-treated mice was reflected by aberrant expression of SCD, Per2, anti-clock, adiponectin, and UCP-1 and -2 genes. Again, while IL-18 induced expression of adiponectin and UCP1 in the heart, both genes were strongly suppressed by HDACIs. A number of investigators have reported that a major shift in cardiac energetics from fatty acid oxidation to glucose as the main source of fuel occurs in maladaptive cardiac hypertrophy (20, 45, 49, 65, 69) . Elevated circulating levels of IL-18 in humans have been implicated in obesity, insulin resistance, and hypertension (67) . Paradoxically, however, IL-18Ϫ/Ϫ mice developed hyperphagia, obesity, and insulin resistance that was accompanied by reduced expenditure of energy (51, 77) .
The exposure of hearts to HDACIs in the presence or absence of IL-18 elicited strong gene networks dedicated to the regulation of cell proliferation and death. Our in silico analyses strongly highlighted IFN␥-and TNF-␣-specific gene networks that were connected to cyclins and cyclin kinase inhibitors. The two networks were also extensively connected with PI3K and MAPK signaling cascades and transcription factors Myc, p53, NF-B, and HNF-4A. Both Myc and p53 are known to orchestrate cell cycle and apoptosis in multiple ways (1, 36, 46, 47) . The transcription of a number of genes that catalyze S-phase transition is directly enhanced by Myc and p53 while both of these transcription factors concomitantly block expression of genes that regulate cell cycle arrest (1, 36, 46, 47) . p53 may also exert an indirect effect on cell cycle of cardiac myocytes due to its ability to impinge on nutrient and energy homeostasis. The activities of Myc and p53 are regulated by chromatin remodeling proteins and other epigenetic modulators (14, 36, 47) .
In addition to its key role in liver development during embryogenesis, HNF-4A regulates numerous genes in the adult liver and kidney. The direct downstream targets of HNF-4A include genes that regulate biogenesis and metabolism of glucose, lipids, and proteins (22, 27) . Based on its known role in regulating cellular metabolism we postulate that HNF-4A indirectly controls growth, proliferation, and apoptosis of cardiac myocytes in response to treatment with IL-18 and/or HDACIs.
We believe that, in addition to corroborating a key role of a small subset of genes in cardiac homeostasis, our data underscore the concept that maladaptive cardiac hypertrophy and its attenuation by HDACIs also share core gene networks specifying Myc, p53, HNF-4A and NF-B. This is significant since acetylation and deacetylation are known to modulate the activities of these transcription factors. Furthermore, we provide compelling evidence that these gene networks are subject to feedback regulation by PI3K and MAPK signaling pathways.
Although several clinical trials are currently underway to evaluate the therapeutic potential of pan-HDACIs, the mechanistic underpinnings of how global changes in acetylation of proteins achieve functional selectivity remain largely undefined (34, 49, 52, 59, 60 ). Recent application of high-throughput methods that include mass spectrometry-based proteomics, genome-wide ChIP analysis combined with transcriptional profiling have begun to shed mechanistic light into the role of acetylation/deacetylation. These studies have demonstrated that although acetylation is a major covalent modification associated with chromatin, numerous nonhistone proteins are also acetylated; these include transcription factors and metabolic enzymes involved in glycolysis, gluconeogenesis, and fat and glycogen metabolism (10, 35, 49, 52, 60, 63, 64, 71, 72) . Choudhary et al. (10) identified nearly 1,750 proteins belonging to macromolecular complexes that are known to regulate chromatin remodeling, mRNA biogenesis, nuclear transport, cytoskeleton, and cell cycle in MV4-11, A549, and Jurkat cells exposed to pan-HDACIs MS275 or SAHA (suberoylanilide hydroxamic acid). Thus the structural and functional potential of the human "acetylome" more than rivals that of all other posttranslational modifications discovered to date.
In summary, the genome-wide analyses of actions of CBHA and TSA in the intact heart and in H9c2 cells, as probed by IPA and KEGG, have provided a glimpse into the mechanisms by which HDACIs selectivity inhibit postinflammatory signaling mechanisms by blocking the PI3K pathway via induction of PTEN.
